Objective: There is controversy about the clinical consequences of intermediate alleles (IAs) in Huntington disease (HD). The main objective of this study was to establish the clinical manifestations of IA carriers for a prospective, international, European HD registry.
Huntington disease (HD) is an incurable, autosomal dominant, neurodegenerative disease caused by the expansion of the CAG trinucleotide repeat of the huntingtin (HTT) gene on the short arm of chromosome 4. 1 Patients with manifest HD have a CAG 36 repeats or more, although alleles sized 36-39 CAG repeats might display reduced penetrance, resulting in a later age at onset and slower disease progression. 2, 3 After the characterization of the gene mutation, a distinct category of HD genes, named intermediate alleles (IAs), were recognized. 3, 4 IAs have been consensually defined as those with a CAG repeat size between 27 and 35, a range just below the disease threshold of 36 repeats. [4] [5] [6] It has been shown that IAs confer genetic instability and might broaden into the disease range within one generation through the paternal line and, exceptionally, the maternal line. 5, 7 The prevalence of IAs varies from 1.5% to 5.8% in both the general population and HD families, showing no significant differences between them, and with similar haplotype distributions. 6 At present, IAs are not considered associated with the HD phenotype. However, there has been emerging evidence that some individuals with IAs might develop HD-like clinical and neuropathologic manifestations. 8, 9 In this regard, mild clinical signs in patients with IAs have also been found in other diseases such as spinocerebellar ataxia type 2 and fragile X syndrome. 10, 11 Therefore, there is still controversy about the clinical consequences of IAs in HD and subsequent genetic counseling implications. Because the majority of the clinical reports focusing on to the clinical phenotypes of IAs in HD are cross-sectional studies, there is a need to include prospective data looking at the progression of symptoms over time. Our aim was to characterize the clinical manifestations of IAs, their association with sociodemographic and environmental factors, and the clinical progression in a large cohort as compared to participants carrying ,27 CAG repeats.
METHODS Design. This was an international, retrospectivelongitudinal, case-control study.
Standard protocol approvals, registrations, and patient consents. Clinical and sociodemographic data were obtained from patients enrolled in the European Huntington's Disease Registry Database (European Huntington's Disease Network [EHDN] ). This registry is a large, prospective study observing the natural course, clinical spectrum, and management of HD in 140 centers from 17 European countries and 3 other countries. 12, 13 For this observational study, participants provided written informed consent following the International Conference on Harmonization-Good Clinical Practice guidelines.
14 For participants who lacked capacity to consent, study sites followed country-specific guidelines for signing consent forms. Minors agreed with both parents authorizing for them. Ethical approval was collected from the local ethics committee for each study site contributing to the EHDN Registry (e-Methods on the Neurology ® Web site at Neurology.org).
12,13
Participants and clinical assessments. Data from the European Huntington's Disease Registry database from March 1998 to January 2014 with a larger allele of ,36 CAG repeats within the huntingtin gene were included in this study. For this particular study, participants with significant comorbidity, including Parkinson disease, cranial trauma, tic disorders, stroke, or any neurologic condition with subsequent motor impairment, were excluded. Data collection adhered to a standard protocol including electronic case report forms and used identical study protocols of assessment and sampling of biomaterials. At each center, participants were evaluated by neurologists with longstanding experience in HD, and a detailed family and personal history was taken. The diagnostic confidence level (DCL) for HD was classified as normal (DCL 5 0), nonspecific motor impairment (DCL 5 1), motor impairment that may be sign of HD (DCL 5 2), motor impairment that is likely sign of HD (DCL 5 3), and motor impairment that is unequivocal sign of HD (DCL 5 4). 15 Motor and psychiatric signs were scored using the Unified Huntington's Disease Rating Scale (UHDRS). 16 Additionally, behavior was assessed by the Problem Behavior Assessment-short form (PBA). 17 For motor and psychiatric UHDRS scores and PBA, higher scores indicated worse motor and psychiatric impairment. For cognition, we used the cognitive UHDRS composite score (UHDRS total correct for letter fluency, symbol digit modalities test, and Stroop subscores for word reading, color, naming, and interference), with lower scores indicating lower performance. 13 Disease stage was obtained from total functional capacity (TFC) scores, with higher scores indicating better functional status. 18 Health-related quality of life (HRQoL) was assessed using the Short Form-36 Health Survey (SF-36), with higher scores indicating higher quality of life. 19 Patients were followed up on a yearly basis according to the EHDN Registry protocol. 12, 13 Study site raters were annually trained, evaluated, and certified to lessen interrater and intrarater variability. Data entry was reviewed online and on-site by monitors fluent in the language of the study site. 12, 13 Data monitoring adhered to the principles laid out in the International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use-Good Clinical Practice. The HTT CAG genotyping was performed at each local genetic laboratory (see e-Methods for further detail).
Data management. At-risk participants with 27-35 and ,27 CAG repeats were defined as IA carriers and controls, respectively, as counseled by the American College of Medical Genetics. 4 Based on previous studies, IAs were further classified as high IAs (34-35 CAG repeats) and moderate IAs (27-33 CAG repeats). 20 Individuals younger than 60 years were classified as younger participants, and those aged $60 years as older participants. Demographics, CAG repeat numbers, and clinical information including motor, cognitive, and behavior UHDRS subscale scores, PBA, SF-36, TFC at baseline and follow-up, and pharmacologic treatments were collected from the EHDN database. With the UHDRS motor subscale, different domain subscores were calculated: the oculomotor domain (sum of the ocular pursuit, saccade initiation, and saccade velocity), chorea (sum of the chorea items [face, buccolingual, upper and lower extremities]), dystonia (sum of the trunk and upper and lower extremities scores), bradykinesia (sum of the finger taps, pronate/ supinate, rigidity of each extremity, and body bradykinesia scores), and gait impairment (sum of gait, tandem, and retropulsion scores). To deal with missing values, case-wise deletions were adopted.
Statistical analysis. Analysis was performed using IBM SPSS 19 (Chicago, IL) software. Normal distribution of the variables was analyzed using the Kolmogorov-Smirnov test. Descriptive analysis of the participants' characteristics was performed in terms of frequencies (percentage), mean/median values with the corresponding SD or interquartile range, as appropriate, and 95% confidence intervals. Differences were compared using nonparametric tests (Mann-Whitney and Kruskal-Wallis tests) and parametric tests (Student t test). The x 2 and Phi and Cramer tests were used to analyze categorical variables. A significance level of a 5 0.002, 2-sided tests was applied after post hoc Bonferroni multiple comparisons adjustments. Correlations were calculated using the Pearson (parametric) and Spearman (nonparametric) correlation coefficients. Linear regression analysis was used to estimate the association of age and CAG repeats with UHDRS scores. Longitudinal motor, cognitive, and behavioral scores of the UHDRS were compared between IA carriers and age-and sexpaired controls.
RESULTS Of 12,190 participants (as of January 2014) included in the EHDN registry, a total of 691 (5.6%) participants with ,36 CAG repeats were identified in this study. Thirty-nine participants (0.03%) were excluded due to significant comorbidity likely associated with motor or cognitive impairment according to the investigators' criteria, and 657 (5.3%) were finally included, 402 women (61.2%) and 255 men (38.8%), with a mean age of 41.3 6 13.7 years (range 18-91 years). Of these, 76 (11.6%) had 27-35 CAG repeats, and 581 (88.4%) had ,27 CAG repeats in the larger allele. Instead, CAG repeats in the smaller allele ranged from 9 to 25, except for 1 participant who carried 2 intermediate alleles of 29 At baseline, IA participants were similar to controls in terms of age, HRQoL, PBA, TFC, UHDRS motor, behavior, and cognitive scores, use of antidopaminergic drugs, body mass index, education background, tobacco and alcohol exposure, residence, and marital and working status (table 1).
In the group of older participants, the UHDRS motor score was correlated with age (r s 5 0.83, p 5 0.003) in the IA group only. In both groups, IA carriers and controls, the UHDRS composite cognitive scores were moderately correlated with the number of years of education (r s In terms of motor phenotype, the UHDRS motor scores were not correlated with the CAG repeat size in the smaller allele (p 5 0.45) in either group. Compared to younger participants, in both groups, older participants had higher UHDRS motor scores (p , 0.0001) and higher frequency of participants with a UHDRS gait, chorea, and bradykinesia score $1 (table 2, figure) . However, within the group of older participants, compared to controls, IA carriers had higher scores in the chorea item of the motor UHDRS, and similar motor, cognitive, and behavior UHDRS scores. The same pattern was seen in the group of high IAs compared to moderate IAs and controls (table 3) . IA carriers were more frequently diagnosed with DCL for HD $2 compared to controls (10 [14.3%] vs 9 [1.6%], p , 0.0001).
In the linear regression analysis performed on the group of older participants, using the logarithm of the UHDRS motor score as the dependent variable and aging and CAG repeats as the dependent variables, aging was the most contributing factor to increased UHDRS motor scores (a 5.8% increase in the motor UHDRS score per 1 additional year of life) (table 4). This model was insufficient for precise information of the younger participants' group. There were no linear associations with the total UHDRS composite cognitive or behavior scores with age or CAG repeats.
One-year follow-up data analysis was available in 25 IA participants and 25 paired sex-age controls for UHDRS motor, and 18 IA participants and 39 paired age-sex controls for UHDRS cognitive domain. IA carriers and control participants were similar in terms of motor UHDRS score change (p 5 0.63), but individuals with IAs had greater cognitive decline compared to controls (median follow-up minus baseline UHDRS composite scores of 210. DISCUSSION In this longitudinal analysis of European HD, older participants, either IA carriers or controls, were frequently found to have more subtle motor and cognitive abnormalities using the UHDRS compared to younger participants. This finding suggests that aging might worsen the UHDRS scores independently of the genetic status. However, within the group of older participants, mild chorea was more frequently found in the IA group compared to controls, especially in the high IA participants. Supporting this finding, based on the raters' perspective, IA participants were receiving at least a diagnosis of motor abnormalities that may be signs of HD more frequently compared to controls, suggesting that these motor abnormalities were clinically meaningful. Environmental factors were not significantly associated with IA carriers' clinical manifestations. Interestingly, IA participants had faster cognitive decline compared to controls, in contrast to motor manifestations, which remained stable at least for 1 year. However, the small number of IA participants, especially in the group of older participants, limits the interpretation of these findings and further studies are needed.
Our results are in agreement with another observational study, the Cooperative Huntington's Observational Research Trial (COHORT), which also found statistically significant dissimilarities in some UHDRS motor and cognitive scores between the normal and the IA group. 21 The Prospective Huntington At-Risk Observational Study (PHAROS), however, found that IA carriers did not deviate from the controls in their motor and cognitive evaluations. 22 In contrast to a previous study, 23 we observed that the smaller allele CAG repeats were not associated with the UHDRS motor scores. Although not statistically significant, lower quality of life and higher apathy were found in the IA population compared to controls, in agreement with the COHORT and PHAROS studies. 21, 22 Whether these findings reflect a characteristic abnormality in participants with IAs, or a tendency that is potentiated by aging, is confusing. 21 If the prevalence of IAs is relatively high in the general population, why are the clinical manifestations of IAs reported so infrequently? There are several possibilities: first, because older individuals and IA carriers are frequently underrepresented in HD cohort studies; second, because, besides mild chorea, other clinical features such as cognitive impairment are not specific for HD, and therefore attributed to other causes, especially aging; third, because the differences between the control and the IA group may have occurred as a result of an error in measurement. 21 In this regard, the UHDRS was originally developed to assess patients with manifest HD, and it is considered the reference standard in HD clinical trials due to high degree of internal consistency and sensitivity for tracking HD changes over time. 16 However, use of the UHDRS in normal, IA, and aged populations is not well-delimited 21 ; fourth, because of the presence of HD phenocopies. 21 In this regard, the likelihood of ascertaining IAs with a HD phenocopy or HDlike disorder within the context of family members with HD may be controversial 3 ; finally, because of the possibility of a laboratory error, particularly when interpreting alleles bordering on different penetrance classes. 21 In this regard, the European HD Registry has found that clinically significant differences occurred in 4.0% of cases with a potential unapparent misdiagnosis rate of 0.3% out of 1,326 duplicate result analysis, within acceptable measurement errors proposed by the American College of Medical Genetics.
4,24,25
The results of this study support that IAs could produce a mild phenotype in some participants. In this regard, higher chorea were more frequently observed in the group of high IAs, suggesting a continuum in terms Table 2 Baseline of clinical manifestations associated with CAG repeats in HD. Our study also highlights the possibility of modifiers that affect the penetrance of these alleles. 3, 26 Aging could then be considered as a modifying factor, since an inverse correlation between the age at onset and the number of CAG repeats has been observed, 27 and motor signs were more frequently found in the group of older individuals with IAs. A potential mechanism for the relationship between aging and IA clinical manifestations would be the loss of neuronal scaffold associated with aging, leading to clinical manifestations of the disease. 26 Clinical manifestations of HD in patients with IAs might also be potentially accelerated by associated medical conditions, treatments, and environmental factors. 27 After correcting for multiple comparisons, the living status, exposure to antidopaminergic drugs tobacco and alcohol, marital status, and education background were similar in the IAs and controls, and did not have any association with UHDRS scores. Opposite results were found in another study, where tobacco and lower education background were related to clinical manifestations in those individuals with CAG repeat lengths of 36-39. 28 Likewise, weight loss, which has been correlated with CAG repeat length, 29 was similar between IA carriers and controls. These findings suggest that environmental factors are more likely to influence when the HD mutation is within the pathogenic level.
In humans, intermediate repeats on some specific HD haplotypes might contribute to CAG repeat instability and expansion. 6, 7, 30 Interestingly, recent studies show that a striking somatic mosaicism of CAG repeats is present in the brain, with noticeable cell-specific expansion in the striatum. 7, 31 In this regard, a CAG repeat number of 35 or less extracted from peripheral blood samples does not necessarily duplicate the length and toxicity of the CAG repeats in the striatum. 7 Therefore, neuropathologic assessment of the symptomatic carriers of IAs will be useful, since an autopsy of a patient with 29 CAG repeats has been criticized because no huntingtin inclusions were found in this brain. 7, 8 Recently, Tomé et al. 32 have reported that CAG instability is also associated with polymorphisms of DNA repair genes, which may have prognostic implications for various repeat-associated diseases. These authors observed that MSH3 polymorphisms and protein levels were associated with CAG stability in animal models. 32 In this regard, we agree with Killoran et al. 22 that "given the wide range of estimated risk of disease associated with these partially penetrant alleles, it might be more informative to replace the use of diagnostic cut-off values in favor of a diagnostic probability spectrum based on expansion length and possibly other relevant genetic or environmental factors as they become known."
The main limitations of this study are the small sample of IAs and the lack of robust follow-up data for IAs, which do not allow for meaningful interpretation for UHDRS changes. In addition, adjustments for multiple comparisons were applied. A Bonferroni correction on all 27 hypothesis tests performed established a p value of less than 0.002 for statistical significance. Although controversial, classical adjustments for multiple comparisons have also been argued, because of the danger of erroneous dismissal of meaningful results. 33, 34 Despite the above limitations, this study documents the clinical profile and progression of HD signs of a representative sample of participants with IAs. We would like to highlight that these observational data were obtained from a database without any prespecified hypotheses at the time of data collection, which preclude sample selection bias. Therefore, the results of this study provide additional information that might be of critical relevance in genetic counseling and medical care of HD families.
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